The optical transfer function (OTF) for image degradation by nonharmonic vibrations is analyzed. Previous analyses of vibration image degradation were restricted to sinusoidal vibrations only or to general vibrations determined by the displacement function. However, most of the real-life vibrations are nonharmonic and in general are determined only by the power density spectrum envelope. We present a method to calculate the OTF or the expected OTF for any high-frequency vibration determined by its power spectral density. The calculation method is practical for analysis and design of imaging systems that are subject to real-life vibrations and for use in restoration of vibrated images.
INTRODUCTION
Mechanical vibrations are often the principal cause of image degradation. Motion blur caused by image vibration is common when the imaging systems are located on aircraft, ships, and other vehicles because of the presence of turbines and motors or mechanical structural resonances. Vibrations can be minimized by proper design. In practice, however, they are often the most serious source of image distortion, despite even state-of-the art stabilization.
A convenient form with which to quantify the blur due to vibration is the optical transfer function (OTF). The formulation of the image vibration distortion into an OTF-type format is practical for analysis and design of imaging systems 1,2 as well for image restoration (see, for example, Refs. 3-6). OTF's for different types of sinusoidal vibration are well known in the literature. 1, 2, 7, 8 Here we consider high-frequency vibrations in which the exposure time is longer than the period of the smallest harmonic component. High-frequency vibrations may be found in jet aircraft equipment that is subject to significant vibrations up to 1000 Hz. The OTF for highfrequency sinusoidal vibration is well known in the literature 1,2,9 and is given by
where is the spatial angular frequency in the vibration direction, D is the vibration amplitude, and J 0 is a zeroorder Bessel function of the first kind. However, most vibrations encountered in daily life are not pure harmonic.
10,11 Some of them may be periodic, and some random. If the exact vibration function during the image exposure period is known or measured, the OTF can be calculated numerically 1,7 or analytically. 8 In some cases the vibration probability-density function (PDF) is known or estimated. Since the PDF is also the point-spread function, 1,7 in such a case one can calculate the OTF by Fourier transforming the PDF:
where f x (x) is the displacement PDF. Using this relation, we find the OTF for random vibration with a Gaussian PDF (jitter):
where is the vibration rms. However, in most cases the exact motion function or vibration PDF is not known unless it is measured or estimated by complicated methods. The most common characterization of nonharmonic vibration is in terms of its power spectral density (PSD). Often the only information that an imaging system designer has about the expected amount of vibration is its expected PSD. The OTF calculation methods from a given displacement function 1,7,8 cannot be used if only the PSD is known because a PSD function does not uniquely implement a displacement function, as we demonstrate in Section 2.
Here we develop a method to calculate the OTF or the expected OTF that is due to any high-frequency vibrations and describe it by its spectral components. Given either the displacement or the acceleration PSD of a periodic or nonperiodic vibration, the OTF or the expected OTF can be calculated. We demonstrate that in general the PSD does not yield a unique OTF. In the case that the OTF is uniquely determined by the PSD, the unique OTF expression is found. If the OTF is not uniquely determined by the PSD, the mean (expected) OTF can be calculated.
The organization of this paper is as follows: In Section 2 the OTF for a discrete PSD is analyzed. In Section 3 the OTF calculation method is extended for continuous
